The spectral gain width of a passively mode-locked Nd-phosphate glass laser is reduced with a birefringent filter, and towards the end of the pulse train self-phase modulated pulses are temporally compressed by the restricted gain width. Short pulses upon broad pedestals are formed. The wings are reduced by passing the pulses through an external saturable absorber. Under favorable conditions the pulse durations are shortened from about 7 ps to about 1.5 ps.
Introduction
In passively mode-locked Nd-phosphate glass lasers nearly bandwidth limited pulses of 5 to 7 ps duration are generated in the rising part of the pulse train [1] [2] [3] [4] . The spectral width of the pulses (A? L ^ 0.5/CA/L ^ 3 cm -1 ) is small compared to the inhomogeneously broadened spectral fluorescence width of the active medium (A£ F ^ 200 cm -1 ). Towards and beyond the pulse train maximum the pulses become self-phase modulated [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The spectral broadening by selfphase modulation increases with the number of roundtrips in the oscillator. The spectral gain profile of the active medium deforms the temporal shape of selfphase modulated pulses [16] [17] [18] [19] [20] [21] .
At moderate pulse intensities the spectral broadening by self-phase modulation in the oscillator remains small compared to the gain width and the temporal pulse deformation is small even towards the end of the pulse train [22] . Under conditions of very intense picosecond pulse generation (high saturable absorber concentration, high mirror reflectivity, beam focusing by lenses or mirrors) the spectral broadening may extend beyond the bandwidth of the active medium and strong temporal pulse deformation may occur. The depletion of inversion at the central laser frequency (spectral hole burning in inhomogeneous gain profile) [17, [22] [23] [24] [25] enhances the pulse disintegration and sub picosecond pulse break-up is observed [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] within the pulse envelope (see curve 3 in fig. 2b of ref. [17] ).
In this paper intracavity pulse compression of moderately self-phase modulated pulses is achieved by spectral narrowing the gain profile with a birefringent filter. A central spike upon a broad pedestal is formed. The signal height of the wings is reduced by passing the pulses through an external saturable absorber.
Principle
A laser pulse of electrical field strength nonlinear refractive index constant (n = n 0 + yl = n 0 + n 2 E^ll) [26] . The frequency change is given by co -co 0 
The situation is depicted in fig. 1 . The solid curve in part (a) shows an asymmetric pulse shape with steeper rising than trailing edge. Such pulse shapes are formed in passively mode-locked Nd-glass lasers by the action of the saturable absorber [27] .
The frequency chirp of the pulse is illustrated in part (b). The spectral gain profile g(oS) (solid curve) and the modulated pulse spectrum I(cS) (dashed curve) are depicted in picture (c) [27, 28] . The gain profile changes the temporal pulse shape and the dashed curve of part (a) is the result.
Experimental
The experimental setup is shown in fig. 2 . The laser oscillator consists of two mirrors Ml and M2, a contacted dye cell DC1, a Brewster angled dye cell DC2, a Nd-phosphate laser rod LR and a birefringent filter BRF. A single pulse is selected from the pulse train by a Kerr cell shutter which is operated by a laser triggered spark gap. Pulse selection beyond the pulse train maximum is achieved by insertion of a delay cable CA2 between spark gap and Kerr cell. In some of the experiments the selected single pulse is passed through a saturable absorber cell DC3 before entering the Ndphosphate glass amplifier. The spectrum of the selected pulses is analysed with a grating spectrometer. The duration of the amplified pulses is measured by a two-photon fluorescence arrangement (dye 2.5 X 10~3 molar rhodamine 6G in ethanol). A one-plate or two-plate birefringent filter between the laser rod and the saturable absorber cell (all elements under Brewster angle) is used for spectral narrowing the gain profile of the active medium. In figs. 3a and b the spectral transmission T B is shown for the one-plate and two-plate birefringent filter, respectively [30] [31] [32] . The curves give the transmission for one round-trip starting between laser rod and birefringent filter with parallel polarized light. In fig. 3a the spectral shape gp(co) of the flash-lamp excited fluorescence emission of the Nd-phosphate glass rod is included (dotted curve). This fluorescence profile determines the gain profile ^Q(OJ) of the active medium [4] . The effective gain profile of the oscillator is given by g(co) = gQ(oS) T B (co). The inhomogeneous gain profile g G (co) changes along the pulse train due to inversion depletion by the laser transition [17] .
Results
In figs. 4 to 6 some results of the pulse development are presented for the resonator with a two-plate birefringent filter and two saturable absorbers (r DC1 = 0.85, single pass transmission, dye Kodak No. 9860; r DC2 = 0.85, dye Kodak No. 5).
In fig. 4a a typical pulse train is shown. For the in- dicated positions A and B, the two-photon fluorescence traces and the pulse spectra are shown in fig. 5a and fig. 6 , respectively. The decorrelated pulse shapes are depicted in fig. 5b . The decorrelation procedure is described in ref. [33] . The pulse at position A near the pulse train maximum has the shape of a single pulse of 6.2 ps duration. Its spectral width is Av^^ ~ 17 cm -1 ( fig. 6a ). The pulse is already spectrally broadened by self-phase modulation {Av At -3.2). The pulse at position B is composed of a short spike of width A^s -2.3 ps and a broad pulse of width A^L -7.2 ps separated from the short pulse by t p -5.5 ps. A leading pulse (at r = -J^) is not observed (leading wing of fig. la is absorbed by saturable dyes) . The corresponding pulse spectrum is modulated ( fig. 6b) . It peaks at the short wavelength side and has a halfwidth of &v±i2 -46 cm -1 . The spectral extension at one tenth of the peak height A^^1 0 is approximately equal to the effective gain width of the active medium-birefringent filter combination.
The complete temporal and spectral pulse developments along the pulse train are depicted in figs. 4b and 4c, respectively. In fig. 4b the envelope pulse dur- ation A^E n (fwhm) and -in the region of existencethe central spike duration A^s (fwhm) are shown. Without the two-plate birefringent filter single picosecond pulses of 5 to 6 ps duration would be generated. The spectral widths £v\/2 (fwhm) and A^1 0 (full width at one tenth height) are depicted in fig. 4c . The spectral half-widths fluctuate strongly in the trailing part of the pulse train. Broad half-widths include the short and long wavelengths side peak of the modulated spectrum. Small half-widths extend only over the short wavelength peak (see fig. lc ). This situation dominates towards the end of the pulse train. In fig.  4d the contrast ratio S(t v )/S(°°) of the fluorescence traces is depicted for the region where short pulses upon pedestals are formed (r = is position of side pulse maximum). The contrast ratio at zero delay is 5 ). The optimum formation of a short central pulse and weak side pulse occurs at about 10 pulses beyond the pulse train maximum. In the region of central and side pulse formation the side pulse height may be reduced by passage through an external saturable absorber. The two-photon fluorescence trace and the corresponding pulse shape of such an externally shortened pulse are included in figs. 5a and b, respectively (pulse from position B of fig. 4a ). The corresponding pulse spectrum is illustrated in fig. 6c . The side pulse height is reduced to about eight percent of the central pulse height. In case of second harmonic generation the side pulse height would reduce to less than one percent of central pulse height (quadratic dependence) and the pulse duration should reduce to 2~~ll 2 At.
The presented data in figs. 4-6 belong to a oscillator configuration with a two-plate birefringent filter and two saturable absorbers. Other configurations (two-plate birefringent filter with one saturable absorber, one-plate birefringent filter with one or two saturable absorbers) have been analysed and the results are summarized in table 1. If only one birefringent filter and one saturable absorber is used (cell DC2 filled with solvent 1,2-dichloroethane), a leading side pulse often remains besides the central and trailing pulse (twophoton fluorescence traces with 5 peaks at r = ±2f p , ±/p and 0) [33] . The use of a one-plate birefringent filter together with two dye cells results in the generation of shorter central pulses with somewhat higher trailing side pulses compared to the two-plate filter situation. Together with an external saturable absorber this configuration allows the nearly background free generation of picosecond pulses of 1.5 ± 0.4 ps duration.
Conclusions
In a passively mode-locked Nd-phosphate glass laser containing a birefringent filter pulse durations down to about 1.5 ps could be generated by the action of the finite spectral gain width on self-phase modulated pulse. The extension of the oscillator to an actively and passively mode-locked system by inclusion of an acousto-optic mode-locker [16, 34] may reduce the shot to shot fluctuations and improve the intra-cavity pulse compression. The pulse shortening of self-phase modulated pulses by a spectrally limited gain profile
